Previously synthesized only as powders, single crystals of the RE2Ru3Ge5 (RE = La, Ce, Nd, Gd, Tb) series of compounds have now been obtained from molten In. These materials crystallize with the U2Co3Si5-type structure in orthorhombic space group Ibam with lattice parameters a ≈ 10.00-9.77 Å (La-Tb), b ≈ 12.51-12.35 Å, and c ≈ 5.92-5.72 Å. The structure is a three-dimensional framework consisting of RuGe5 and RuGe6 units, as well as Ge-Ge zigzag chains. This structure type and those of the other five (Sc2Fe3Si5, Lu2Co3Si5, Y2Rh3Sn5, Yb2Ir3Ge5, and Yb2Pt3Sn5) to compose the RE2T3X5 phase space are discussed in depth. For the three compounds with RE = Nd, Gd, Tb, multiple magnetic transitions and metamagnetic behavior are observed. Electronic band structure calculations performed on La2Ru3Ge5 indicate that these materials have a negative band gap and are semimetallic in nature. 
INTRODUCTION
Ternary intermetallic phases RE2T3X5 (RE = rare-earth element or actinide; T = transition metal; X = Ga, Si, Ge, Sn) have attracted great attention in the condensed matter community due to the variety of electronic and magnetic properties that they exhibit. Interest in this family of compounds stemmed initially from the discovery of superconductivity in a number of members, including Sc2Fe3Si5 (Tc ~ 4.46 K), Y2Fe3Si5 (Tc ~ 1.68 K), Tm2Fe3Si5 (Tc ~ 1.7 K), Lu2Fe3Si5 (Tc ~ 6.25 K), Lu2Ni3Si5 (Tc ~ 2.1 K), Y2Rh3Si5 (Tc ~ 4.4 K), La2Rh3Si5 (Tc ~ 2.7 K), Y2Ir3Si5 (Tc ~ 2.9 K), La2Ir3Si5 (Tc ~ 2 K), Y2Ir3Ge5 (Tc ~ 2.5 K), La2Ir3Ge5 (Tc ~ 1.75 K), La2Pt3Ge5 (Tc ~ 8.1 K), and Pr2Pt3Ge5 (Tc ~ 7.8 K). [1] [2] [3] [4] [5] [6] [7] [8] Ce2Ni3Ge5 is a unique material, which under ambient pressure exhibits two antiferromagnetic transitions at TN1 ~ 5.0 K and TN2 ~ 4.3 K, but reaches a quantum critical point (QCP) under an applied pressure of ~ 3.9 GPa where the Néel temperature becomes zero and heavy-fermion superconductivity is induced at Tc ~ 0.26 K. Ce2Pd3Si5, Ce2Rh3Ge5, Ce2Ir3Ge5, and Yb2Ir3Ge5 have been classified as Kondo lattice systems, with moderate heavy-fermion antiferromagnetism observed in the middle two. [10] [11] [12] Heavy-fermion behavior was also identified in Pr2Rh3Ge5. 13 Mixed valence (or valence fluctuation) has been reported for the rare-earth ions (Ce 3+ /Ce 4+ , Eu 2+ /Eu 3+ ) in Ce2Ni3Si5, Eu2Ni3Si5, Ce2Rh3Si5, Ce2Ir3Si5, and Eu2Pt3Si5. [14] [15] [16] [17] The antiferromagnetic compounds RE2Ni3Si5 exhibit positive giant magnetoresistance (GMR) when RE = Nd, Sm, and Tb, whereas the other rare-earth analogs (RE = Pr, Dy, Ho) display anomalous MR which has been attributed to metamagnetic transitions and short-range ferromagnetic correlations. 18 The ternary RE2T3X5 phases, which span a wide range of physical properties, also assume several different crystal structures. The most frequent structure type is the orthorhombic U2Co3Si5-type (space group Ibam), which was first elucidated by Aksel'rud et al. in 1977. 19 The next most common structure types are the tetragonal Sc2Fe3Si5-type (space group P4/mnc) 20 and monoclinic Lu2Co3Si5-type (space group C2/c). 21 With only one or a few examples of each, the following are quite rare crystal structure types (all orthorhombic): Y2Rh3Sn5-type (space group Cmc21), 22 Yb2Pt3Sn5-type (space group Pnma), 23 and Yb2Ir3Ge5-type (space group Pmmn). 12 As will be described in more detail below in the Results and Discussion section, all of these 4 structure types are three-dimensional frameworks with only slight variations in the rare-earth and transition metal coordination environments.
Herein we report on the synthesis, crystal structures, magnetic properties, and electronic band structures of the RE2Ru3Ge5 (RE = La, Ce, Nd, Gd, Tb) series of compounds. Small crystals (~ 15 m) of La2Ru3Ge5 were previously obtained from induction melting, 24 but the other four compounds had only been prepared in polycrystalline form. 25 We have succeeded in growing single crystals of these five compounds out of a molten indium flux. From singlecrystal X-ray diffraction structure refinements, these phases were confirmed to adopt the U2Co3Si5-type structure. This is in contrast to the analogs with RE = Pr, Sm, and Dy, which we have previously reported to crystallize in a different polymorph with the Sc2Fe3Si5-type structure. 26 We will provide a detailed discussion of the various crystal structures that compose the RE2T3X5 family of materials. Magnetic susceptibility measurements revealed antiferromagnetic behavior and metamagnetism for the Nd, Gd, and Tb analogs. Electronic band structure calculations suggest that La2Ru3Ge5 is a semimetal.
EXPERIMENTAL METHODS
General Details. The following reagents were used as received: lanthanum powder At room temperature, the fused-silica tubes were opened and the alumina crucibles were removed. The alumina crucibles were then loaded in new fused-silica tubes, covered with stainless steel frits, and sealed under a vacuum of < 10 -4 mbar. The fused-silica tubes were replaced in a furnace that had been pre-heated to 600°C and allowed to soak for approximately one hour in order to melt the In flux. The fused-silica tubes were then removed from the furnace and centrifuged. Any remaining In flux could be removed by soaking the product in dilute HCl
(1:3 H2O), followed by gravity filtration and rinsing with H2O and acetone. RE2Ru3Ge5 formed as shiny black prismatic crystals in ~ 50-75% yield, depending on the rare-earth element. Other phases present in the polycrystalline product, as identified by powder X-ray diffraction, included
RERu2Ge2, Ru2Ge3, and RuIn3.
Scanning Electron Microscopy. The microprobe analyses of several crystals of each compound were performed with a Hitachi S-4700-II Scanning Electron Microscope using an EDAX Phoenix X-ray energy dispersive spectrometer (EDS). The spectrometer utilizes a Lidrifted Si detector with an ultra-thin window, and data were acquired with a beam current of 10 μA at 20 kV accelerating potential. Semi-quantitative analysis by EDS on several crystals of each composition using the RE Lα, Ru Lα, Ge Lα lines confirmed the 2:3:5 ratio, and also ruled out the presence of impurities such as In.
Single Crystal X-ray Diffraction. Single crystals were selected and mounted on the tips of glass fibers for X-ray diffraction. Intensity data were collected at 298 K using ω scans on a STOE 2T imaging plate diffraction system using graphite-monochromatized Mo Kα radiation (λ = 0.71073 Å) operating at 50 kV and 40 mA with a 34 cm diameter imaging plate. Individual frames were collected with either a 4 min (RE = La, Nd, Gd, Tb) or a 5 min (RE = Ce) exposure time, and a 0.5° ω rotation. X-AREA, X-RED, and X-SHAPE software packages were used for data collection, integration, and analytical absorption corrections, respectively. 27 Structures were solved with the direct methods program SHELXS and refined with the full-matrix least-squares program SHELXL. 28 Each final refinement included a secondary extinction correction. The 6 parameters for data collection and details of the structure refinements are given in Table 1 .
Atomic coordinates and thermal displacement parameters (Ueq) are given in Table 2 , anisotropic thermal displacement parameters are given in Table 3 , and selected interatomic distances are given in Table 4 .
All of the compounds crystallize in the U2Co3Si5 structure type, as previously reported. 25 The lattice constants for La2Ru3Ge5 determined in the present study agree well with those described in an earlier single-crystal X-ray structure refinement (a = 10.0108(6) Å, b = 12.496 (2) Å, and c = 5.9256(8) Å). Convergence of the self-consistent iterations was performed for 170 k points inside the Brillouin zone to within 0.0001 Ry with a cutoff of -6.0 Ry between the valence and core states. Scalar relativistic corrections were included and a spin-orbit interaction was incorporated using a second variational procedure.
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RESULTS AND DISCUSSION
Crystal Growth. The vast majority of the RE2T3X5 compounds have been prepared by standard arc-melting techniques. The arc-melting is typically followed by high-temperature annealing at 800-1250C for a time duration lasting anywhere from several days up to a month.
There are a couple of major drawbacks that limit the utility of this procedure. Due to the volatility of certain rare-earth elements (RE = Eu, Sm, Yb) or main group metals (X = Ga), compositions containing these elements may not be easily accessible, if at all, by arc-melting.
Furthermore, a low yield of small single crystals may be obtained from the arc-melting/annealing technique, but more often than not, the product is a polycrystalline powder that may or may not be phase pure. Although the properties of many RE2T3X5 phases have been examined, gaining a better understanding of the physics in these systems could be accelerated by more detailed physical property measurements of single crystals.
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To remedy this situation, a number of investigators have attempted to prepare crystals of RE2T3X5 materials by melt growth. For example, Tm2Fe3Si5 single crystals have been grown by the Bridgman method, 34 while Lu2Fe3Si5 crystals were obtained from the floating zone technique. 35 The most success has been achieved with growing crystals by the Czochralski method, examples including the following: Er2Fe3Si5, Tb2Ni3Si5, U2Rh3Si5, Er2Ir3Si5, Lu2Ir3Si5, Ce2Rh3Ge5, and Pr2Pd3Ge5. [36] [37] [38] [39] [40] [41] [42] In addition to requiring more expensive furnace equipment, these methods depend upon having congruently melting phases. Both Ce2Ni3Si5 and Ce2Ni3Ge5
were reported to be incongruently melting, 43, 44 indicating that at least some RE2T3X5 phases may not be amenable to crystal growth by melt techniques. As an alternative, some researchers have investigated the flux method as a route to growing high-quality single crystals of these compounds. This is a promising approach since molten metal fluxes have proven to be highly effective for the crystal growth of intermetallic silicides and germanides, as reflected in the literature. 45 With regards to the RE2T3X5 materials, several different main group or transition metals have been utilized successfully as fluxes in crystal growth experiments. Compounds such as
RE2Ni3+xSi5-x (RE = Sm, Gd, Tb), Pu2Ni3Si5, and Pu2Co3Si5 were grown as crystals out of gallium fluxes. 46, 47 Molten tin was used as the reaction medium to prepare crystals of Ce2Pd3Si5, Ce2Pt3Si5, Yb2Pt3Si5, Pu2Pt3Si5, and Yb2Pt3Sn5. [48] [49] [50] [51] 23 A low-melting bismuth flux aided in the crystallization of Ce2Ni3Ge5, Ce2Rh3Ge5, and La2Pd3Ge5, 44, 52, 53 whereas Nd2Pd3Ge5 was obtained from a lead flux. 53 The phases Eu2Pt3Si5 and Eu2Ni3Ge5 were grown as single crystals from an indium flux, as well as RE2Ru3Ge5 (RE = Pr, Sm, Dy), which we recently reported on. 17, 54, 26 Finally, RE2Pt3Ge5 (RE = La, Pr) crystallized in a Pt-Ge eutectic self-flux. 8 Here, we report on extending the application of indium flux to the crystal growth of the remaining members of the RE2Ru3Ge5 (RE = La, Ce, Nd, Gd, Tb) series. A stoichiometric mixture of rare-earth element, Ru, and Ge, is heated in an excess of In flux at a maximum temperature of 1000°C to fully dissolve the reactants in the flux, before a longer soaking at 850°C, where presumably, the crystal growth occurs, followed by slow cooling. The In flux can be removed by centrifugation while it is still molten, or by dissolution in dilute HCl at room 9 temperature. The RE2Ru3Ge5 materials crystallize as shiny black prisms (Figure 1 ), which are resistant to attack by the dilute acid, although the crystal facets may become slightly dulled.
Crystal Structure. All five members of the series RE2Ru3Ge5 (RE = La, Ce, Nd, Gd, Tb) crystallize in space group Ibam of the orthorhombic system with the U2Co3Si5 structure type.
There are five crystallographic sites in the structure, with one RE atom position, two Ru atom positions, and three Ge atom positions. The site symmetries are ..m for RE, Ru (1), and Ge (1), .2.
for Ge (2) , and 222 for Ru(2) and Ge ( Three other members of the RE2Ru3Ge5 series, namely RE = Pr, Sm, and Dy, were previously reported by Venturini et al. to also crystallize in the U2Co3Si5-type structure. 25 Their structure determination was made on the basis of indexing powder X-ray diffraction data from samples synthesized by a solid-state route at 900°C. Our attempt to grow crystals of these compounds by the method described above instead resulted in a different polymorph of these materials (Sc2Fe3Si5-type structure). 26 Despite multiple attempts with varying synthetic conditions, only crystals of Pr2Ru3Ge5, Sm2Ru3Ge5, and Dy2Ru3Ge5 with the tetragonal Sc2Fe3Si5-type structure were obtained, which was confirmed by a combination of powder and single-crystal X-ray diffraction techniques. It is unclear if the earlier structure assignment was incorrect (low-quality powder X-ray diffraction data), or if the different reaction conditions in the molten metal flux route simply allowed a second polymorph to be stabilized. The differences between these two RE2M3X5 structure types, as well as other related types, will be discussed in the following section.
Crystal Chemistry of the RE2T3X5 Series. To the best of our knowledge, all 206 compounds in the RE2T3X5 series adopt one of 6 structure types ( Figure 3 , Table 5 , and Supporting Information). Slightly more than half of those materials crystallize in the U2Co3Si5 structure type (orthorhombic Ibam), 19 followed by the Sc2Fe3Si5-type (tetragonal P4/mnc) 20 and
Lu2Co3Si5-type (monoclinic C2/c) structures. 21 The other three structure types are quite rare, with only 10 total phases adopting the Y2Rh3Sn5-type (orthorhombic Cmc21), 22 Yb2Ir3Ge5-type (orthorhombic Pmmn), 12 or Yb2Pt3Sn5-type (orthorhombic Pnma) 23 structures. Several of these compounds are "duplicates" in that multiple polymorphs are known for the same empirical composition. For example, as noted above, Pr2Ru3Ge5, Sm2Ru3Ge5, and Dy2Ru3Ge5 can seemingly adopt either the U2Co3Si5 or Sc2Fe3Si5 structure types. 25, 26 Similarly, Tb2Ru3Si5 and Er2Ru3Si5 have also been reported to crystallize in both the U2Co3Si5-type and Sc2Fe3Si5-type structures. 61 However, in this case, the compounds are reported to be non-stoichiometric (Tb2Ru3Si4.6 and Er2Ru3Si4.6) when adopting the Sc2Fe3Si5 structure type, but fully stoichiometric in the case of the U2Co3Si5-type polymorph.
The vast majority of the phases with the U2Co3Si5 structure type are germanides and silicides, although there are also a few stannides. The crystal structure is a three-dimensional framework as described above, and extensively in other literature. The Sc2Fe3Si5 structure type, also referred to as the U2Mn3Si5 structure type in some earlier literature, was composed exclusively of silicides until 2010 when Jeitschko and Schlüter reported on the series of gallides, RE2Ru3-xGa5+x (RE = La-Nd, Sm). 62 Recently, we have added the first germanide compounds RE2Ru3Ge5 (RE = Pr, Sm, Dy) 26 to the list of compounds crystallizing with the Sc2Fe3Si5-type structure. This structure type also exhibits a three-dimensional framework, with the major difference from the U2Co3Si5 structure type being expressed in the coordination of the transition metal. There are two transition metal crystallographic sites in both structure types; in the Sc2Fe3Si5-type compounds, these are distorted octahedral sites, whereas in U2Co3Si5-type compounds, there are six-(distorted octahedral) and five-coordinate (square pyramidal) sites.
The Lu2Co3Si5 structure type, of which there are 31 representatives, consists of only germanides and silicides. This 3D structure type is a monoclinic variant of the orthorhombic U2Co3Si5-type structure, with the main difference again being observed in the coordination environment of the transition metal. The distorted octahedral coordination mentioned above for the U2Co3Si5-type and Sc2Fe3Si5-type structures can be envisioned as a "4+2" coordination. In the Lu2Co3Si5 crystal structure, this distorted octahedron becomes more accurately a "5+1"
geometry. The second transition metal site retains the square pyramidal coordination from the U2Co3Si5-type structure.
The other three RE2M3X5 structure types are quite limited in terms of reported examples.
The Y2Rh3Sn5-type structure is only know for the RE = Gd-Ho analogs, 22 the Yb2Ir3Ge5-type structure for the RE = Er, Tm, and Lu analogs, 7 and finally, Yb2Pt3Sn5 is the only example of that structure type (not including some mixed Ca/RE analogs 63 ). The Y2Rh3Sn5 structure type is again a 3D framework, but in contrast to the three more common structure types described above, there are three different transition metal coordination environments. The Rh atoms have 5-, 6-, and 7-coordinate environments, with distortions of square pyramidal, trigonal prismatic, and monocapped trigonal prismatic geometries, respectively. The Yb2Pt3Sn5-type structure is nearly identical to that of Y2Rh3Sn5, with both descending from the common supergroup Cmcm by different symmetry reduction mechanisms. 23 If the three-dimensional framework of these two structure types is deconvoluted into 3 separate slabs, one slab is the same, and the other two are interchanged by an inversion and a translation. The Yb2Ir3Ge5 crystal structure was reportedly
solved from the refinement of powder X-ray diffraction data. 12 The space group and lattice parameters are provided, but no atomic coordinates are given. The only structural detail supplied by the authors is that there are two independent Yb sites.
There is no obvious trend, for example, in valence electron count, to rationalize the distribution of materials among these six structure types. μB/Tb, which is smaller than the theoretical moment for a Tb 3+ cation (9.72 μB). 64 
Metamagnetism is apparent in the M(H) and dM/dH data (Figures 7(c) and (d)
). It appears to be more complex in Tb2Ru3Ge5 than in the Nd or Gd analogs discussed above. Comprehensive studies on an oriented single crystal would be desirable to clarify the metamagnetic states in this compound.
Band Structure. The electronic band structure and the density of states (DOS) for La2Ru3Ge5 were calculated from density functional theory (DFT) using the experimentally determined unit cell parameters and atomic positions. The calculated band structure along the high symmetry points, with the Fermi energy (EF) set as the zero energy level, is shown in Figure   8 (a). The top of the valence bands (VB) rise higher than the bottom of the conduction bands (CB) and therefore the Fermi level crosses both, indicating that La2Ru3Ge5 has a negative band gap and thus is a semimetal. The contributions of each atom to the DOS are displayed in Figure   8 In Ce2Rh3Ge5, which is isostructural with the current RE2Ru3Ge5 series, the singlybonded Ge(1) and Ge(2) atoms were considered to be formally Ge 2-anions. 52 The isolated Ge (3) atom, which forms no Ge-Ge bonds, was assigned to be a Ge 4- and Tb2Ru3Ge5, which under the assumption that the data correspond to a polycrystalline average, implies that the overall magnetic interactions are ferromagnetic for the former compound and antiferromagnetic for the latter two. Magnetic isotherms suggest metamagnetic behavior for all three materials and call for more comprehensive studies on oriented single crystals.
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The following structure types are represented: U2Co3Si5 (△), Sc2Fe3Si5 (□), Lu2Co3Si5 (○), Y2Rh3Sn5 (◇ ), Yb2Ir3Ge5 (▽ ), and Yb2Pt3Sn5 (☆). The colors of the symbols correspond to different X elements: blue, X = Si; red, X = Ge; green, X = Ga; and black, X = Sn. 
